Because various fetal anomalies are seen in diabetic offspring, we examined the effects of sugars on proteoglycans (PGs): extracellular matrix (ECM) macromolecules modulating morphogenesis. 13-d-old mouse metanephric kidney explants were exposed to mannose for 7 d and labeled with 135SIsulfate, 135S1-methionine, or 13Hlthymidine. Mannose exposure caused reduction in kidney size and disorganization of ureteric bud branches with inhibition ofglomerulogenesis. Tissue autoradiographic and immunofluorescence studies indicated decreased expression ofsulfated PGs in ECMs. Helixpomatia lectin binding to D-GaINAc residues of glomerular epithelial cells was also reduced. Biochemical studies revealed decreased synthesis of sulfated PGs. PGs were of lower molecular weight with reduced charge density and increased chondroitin/heparan sulfate ratio. Immunoprecipitation of I35Slmethionine-labeled proteins confirmed the reduction of PG core peptides. Intracellular ATP levels were reduced. The addition of 0.1 mM ATP to culture media restored kidney size, the population of glomeruli, and the synthesis and characteristics of PGs to almost normal, with no detectable effect on the replication of cells as determined by 13Hjthymidine incorporation. The effect of ATP could be partially blocked by the P2y-purinoreceptor, i.e., reactive blue-2. Data suggest that mannose causes energy depletion by cellular ATP consumption and thus selectively alters the synthesis of heavily glycosylated proteins with rapid turnover, such as PGs, resulting in renal dysmorphogenesis. (J. Clin.
Introduction
Dysmorphogenesis ofvarious organ systems has been observed in hyperglycemic states, and these structural defects are two to three times more common in the offsprings of diabetics as compared to the control population (1) (2) (3) (4) . The diabetic-induced dysmorphogenesis commonly affects the heart, skeleton, central nervous system, and kidney, and its severity varies from one organ to another (3) . For instance, in the central nervous system there may be a failure in the closure of the neural tube and in the urinary tract there may be renal agenesis (3) . Similarly, a higher incidence of morphogenetic defects has been observed in the offspring of streptozotocin-induced diabetic rats and mice compared to the controls (5) (6) (7) . These observations suggest that these defects in morphogenesis are not genetically transmitted but are related to environmental factors or the milieu in which the organs are developing. Support for this contention is the experiments in which exposure of rat embryos to elevated concentrations of various sugars resulted in the nonclosure of the neural tube (8) . Among the various sugars, mannose induced the most marked and reproducible de- fects in morphogenesis (9) . However, the mechanisms by which hyperglycemic states perturb morphogenesis remain un- clear.
In embryonic development, cell adhesion molecules and components of the extracellular matrix (ECM)' play a significant role in organogenesis (10) (11) (12) (13) (14) . There is an extensive literature on cell-matrix interactions and the role of ECM components (type IV collagen, laminin, proteoglycan [PG] , etc.) in embryonic development (reviewed in reference 15). With induction of the metanephric mesenchyme by the ureteric bud, coordinated expression ofCAMs and ECM components modulate the temporal and spatial structural and functional polarity of renal tubules and glomerulogenesis ( 15) . PGs especially play an apparent key role in organogenesis of various organs including salivary gland, breast, lung, and kidney (16) (17) (18) (19) (20) (21) (22) .
Our laboratory and others have found a decreased de novo synthesis of PGs in diabetes (23, 24) , suggesting that hyperglycemic states perturb the biosynthesis of PGs. This, in turn, could be responsible for various morphogenetic defects observed in hyperglycemic states. This hypothesis was investigated by determining the effect of elevated concentrations of one of the sugars, i.e., D-mannose, on PG biosynthesis and on the morphogenesis of metanephric kidney.
Methods
An organ culture system was used, and various metanephric differentiation events were investigated by morphological and biochemical techniques under the influence of D-mannose.
Organ culture system. Embryonic kidneys were explanted and maintained in an organ culture system as detailed previously (20, 21, 25) . Briefly, Swiss-Webster mice (Charles River Breeding Laboratories, Inc., Wilmington, MA) were allowed to mate in pairs in individual cages. At 13 d of gestation, the embryos were harvested aseptically and immersed in a sterilized defined medium consisting of equal volumes of Dulbecco's modified Eagle's medium and Ham's nutrient mixture F12 (Sigma Chemical Co., St. Louis, MO), supplemented with transferrin (50 ,g/ml), penicillin ( 100 ,g/ml), and streptomycin ( 100 ,tg/ ml), and pH maintained at 7.4. Metanephric tissues dissected from the embryos were placed on a 8.0-jum filter (Millipore Corp., Bedford, MA), floated on the defined medium in 35-mm petri dishes, and main-tained at 370C in a humidified incubator with a mixture of95% air and 5% CO2-Experimental design. Initially, the metanephric explants were exposed to varying concentrations of D-mannose (5-20 mg/ml) and examined on days 1, 4, and 7. 10 mg/ml of mannose was used for subsequent experiments because this concentration induced optimal biochemical alterations without discernible cytotoxicity by light microscopy (LM) and electron microscopy (EM). At each time point, 50-100 embryonic kidneys per variable were processed for routine morphological and immunofluorescent studies with specific antibody probes and lectins, and for various biochemical and biosynthetic studies. An additional 25-50 explants, per time and variable, were used for ATP determinations and for experiments with various purinoceptor antagonists. For biosynthetic studies of PGs, [35S]sulfate (New England Nuclear, Boston, MA) was added to the culture medium (0.5 mCi/ml) for a 12-h interval. The tissues were processed for autoradiography and isolation and characterization of PGs. Other radioisotopes used in this study were [3H]thymidine (0.025 mCi/ml) to ascertain the distribution of replicating cells during various stages of glomerular development and [33Sjmethionine (0.25 mCi/ml) to determine total protein synthesis and the status of specific glomerular glycoproteins by immunoprecipitation. For the latter studies, labeling time was reduced to 6 h. Both the metanephric tissues and the media were analyzed for alterations in the biosynthesis of PGs.
Morphological studies. The metanephric explants were immersionfixed in Karnovsky's paraformaldehyde-glutaraldehyde fixative and processed for LM and EM (20, 21 ) . For morphometric analysis, flat longitudinal-serial sections ( I Am thick) were prepared from the midpoint of the whole kidney including the ureteric bud and its branches. At various stages of development, the number of glomeruli per unit area of metanephric tissue was determined as previously described (20, 21) .
Immunohistochemical andhistochemicalstudies. The following antibodies were employed: anti-heparan sulfate-proteoglycan (HS-PG) (26) , anti-laminin (27) ; anti-type IV-collagen (Collaborative Research, Inc., Waltham, MA), and anti-podocalyxin (28) . The specificities ofthese antibodies have been described in respective publications. FITC-conjugated Helix pomatia and wheat germ lectins were used to determine the distribution of N-acetylgalactosamine (D-GalNAc) and N-acetylglucosamine [(D-GlyNAc)2] + neuraminic acid (NeuNAc) residues of cell surface glycoproteins, respectively. At designated intervals the kidneys were frozen in isopentene and chilled in liquid nitrogen, and 4-,m cryostat sections were prepared, air-dried, and stored at -70°C. Standard procedures were employed for indirect immunofluorescence (20, 21 ) . For lectin staining, the sections were hydrated with PBS (0.01 M, pH 7.4) for 30 min and then incubated with varying dilutions of FHTC-conjugated lectins for 30 min at 22°C. The sections were washed twice with PBS and examined with an ultraviolet microscope equipped with epi-illumination.
Tissue autoradiographic studies.
[35S] sulfate-labeled kidneys were processed for autoradiographic studies (20, 21 ) . For LM autoradiography, serial I-Am sections at the midplane of the kidney with intact ureteric bud and branches were coated with K5 emulsions (Polysciences, Inc., Warrington, PA). For EM autoradiography, 60-nm sections of various stages ofglomerular development were coated with L4 emulsion (Polysciences, Inc.). EM autoradiograms were analyzed morphometrically as detailed previously (29, 30) . Briefly, 25 glomeruli of the S-shaped body and of the precapillary stage were photographed and printed to a final magnification of 2,500. The cellular and ECM compartments were designated. The relative area ofeach compartment was determined by the point-counting method and grain counting was performed by the best-fit circle method. Finally, the grain density was calculated by dividing the total number of autoradiographic grains by the total area points. Biochemical studies. Extraction of radiolabeled PGs from metanephric tissues was carried out as earlier reported (20, 21 ) . Briefly, after removing the culture media, the kidneys were washed thoroughly with cold medium and extracted with 4 M guanidine hydrochloride solution containing a mixture of protease inhibitors. The unextracted residues were pelleted by centrifugation at 10,000 rpm for 15 min at 4VC and the residues were further hydrolyzed with 0.5 M NaOH at 450C for 3 h. Aliquots of extract and the hydrolysate were applied to a PD-10 column (Sephadex G-25; Pharmacia Inc., Piscataway, NJ) to determine the total incorporated radioactivity. The remaining portions of the extract and hydrolysate were dialyzed against autoclaved ice-cold distilled water containing 1 mM PMSF, aliquoted, Iyophilized, and kept at -70'C. The lyophilized extracts were then reconstituted with GuCi and PGs were characterized by Sepharose CL-4B chromatography (Pharmacia Inc.) before and after treatment with chondroitinase-ABC (ICN Biomedicals, Costa Mesa, CA) or heparitinase (Sigma Chemical Co.), as previously described (20, 21) . Similarly, the glycosaminoglycans (GAGs) obtained after alkaline hydrolysis of intact PGs were characterized. The molecular weights of the chains were calculated by comparison of Ka, values of the elution peaks with the data obtained for chondroitin sulfate (CS) chains by Wasteson (31) . The PGs were also characterized by DEAE-Sephacel chromatography (Pharmacia Inc.) using a continuous gradient of 0.1-1.0 M NaCi in 8 M urea solution containing 50 mM sodium acetate and 0.2% 3-((3-cholamidopropyl)-dimethylammonio ] -l -propanesulfonate (CHAPS, Sigma Chemical Co.), pH 6.0 (20, 32) .
The media PGs/GAGs were isolated by use ofa PD-10 column and the excluded fractions were collected. An aliquot of the excluded fraction was used to determine the incorporated radioactivity and the remainder was dialyzed against autoclaved ice-cold distilled water containing 1 mM PMSF at 4°C, aliquoted, lyophilized, and stored at -70°C. The media PGs/GAGs were characterized as described above.
To determine the effect of D-mannose per se or its phosphorylated products on biosynthesis ofPGs, metanephric kidneys were exposed to mannose 6-phosphate at a concentration of 10 mg/ml in the medium. The experiments were also performed with other control sugars, i.e., L-mannose, D-glucose, and mannitol.
Experiments with ATP. Since hyperglycemic levels of mannose may deplete cellular energy reserves and consequentially modulate the biosynthesis of PGs, we proceeded to measure the ATP levels in the metanephric tissues levels by the method of Lang and Michael (33) . Briefly, after 1-9 h exposure to mannose, metanephric explants were immediately homogenized in ice-cold 0.3 M perchloric acid and placed on ice for 10 min. The homogenate was centrifuged at 5,000 g for 15 min at 4°C, and supernatant was neutralized to pH 7.0, and 100-M1l aliquots prepared and stored at -70°C. An individual aliquot was added to 1 ml of reagent mixture (50 MM Tris, pH 8.0, 100 mM glucose, 0.1 mM MgCI2, 50 Mm NADP+, 0.08 ,ug/ml glucose-6-phosphate), after which fluorometer readings were recorded before and 10 min after the addition of 10 Ml of hexokinase (0.1 Mg/ml) to the reaction mixture. Finally, the ATP concentration was calculated by comparing the values to a standard curve, and ultimately expressed as nanomoles of ATP per kidney.
In the repletion experiments, 0.1 mM ATP was included in the medium in the presence and in the absence ofD-mannose. The levels of ATP were maintained by replacing the media with fresh ATP every 4 
Results
The aim of this investigation was to correlate the modulatory influence of sugars on de novo synthesis of PGs with various stages of metanephric development. Data from our preliminary studies suggest that among various sugars mannose maximally affects the development of the metanephric kidney. Therefore, we concentrated our efforts mainly on the alterations induced by mannose.
The developmental stages of glomeruli in metanephric tissues are similar to those observed in neonatal kidney (37, 38) , and they include the vesicle, the S-shaped body, and the precapillary glomerulus. The primitive vesicle develops beneath the renal capsule and, with maturation into precapillary stage, migrates deeper into the cortex ( 19) . In an organ culture system, the glomeruli do not get vascularized so the capillary stage is seldom seen. The vesicle stage, however, at day 1 or 4 in culture is difficult to identify since it resembles tubular segments without formed lumens. Further details of the developmental morphology of metanephric kidneys have been described in our previous publications (20, 21) . In this study, features are stressed which relate to mannose-induced alterations in PG metabolism and metanephric development.
General morphological features. With exposure to mannose, significant alterations were observed at days 1, 4, and 7 in the various stages of glomerular development and in renal organogenesis. Kidney size decreased variably with time, and at the 7th day -25% reduction was noted ( Fig. 1, A vs . B). The ureteric bud and its branches were dilated and their ramifications were disorganized.
The number ofthe glomeruli in S-shape body and precapillary stages per unit area of kidney, i.e., glomerular density, was decreased on day 4 (Table I) . A greater decrease was seen in the population density of precapillary stage glomeruli at day 7 and moreover, a few immature S-shaped body stage glomeruli remained in mannose-exposed kidneys. In fact, on day 4, there was a significantly higher density of immature S-shaped glomeruli in the outer 0.25 mm of the renal cortex, presumably x30.
owing to delayed maturation (Table II) . This was further demonstrated by tissue autoradiography of metanephric kidneys labeled with [3H ]thymidine at day 4. The mannose vs. control group had more radioactivity confined to the superficial cortex, whereas in control kidneys autoradiographic grains were seen mainly in the ureteric bud and in its ramifications (Fig. 2 , Immunohistochemical and histochemical studies. In the mannose group, a dramatic decrease ofintensity ofimmunofluorescence along the basal lamina of ureteric bud branches, tubules, and the ECM of glomeruli was observed in kidneys stained with anti-HS-PG antibody on day 7 (Fig. 3, A vs. B) . The metanephric tissues stained with anti-type IV collagen and laminin revealed no appreciable differences in the intensity of fluorescence between the control and mannose group. The anti-podocalyxin antibody revealed immunoreactivity toward glomerular cells, and a mild decrease in the intensity of fluorescence was observed in mannose-exposed kidney. The staining with Helix pomatia lectin revealed no differences on day 1 (Fig. 4, A and B) . However, granular distribution of D-GalNAc residues along the cell surface ofglomerular epithelial cells was readily seen in control kidneys by day 7 (Fig. 4 C) . A mild staining ofthe ECMs was also observed. In the mannose group, a dramatic decrease of the intensity of fluorescence was observed over the cell surfaces (Fig. 4 D) . No significant differences were observed in the intensity or distribution ofthe fluorescence in tissues stained with wheat germ lectin.
Autoradiographic studies. Along with the reduction in the population of glomeruli and dysmorphogenesis of the ureteric bud branches in mannose-exposed metanephric tissues, there was a dramatic diminution in the [ 35S ] sulfate incorporation, as (Fig. 6, A vs. B) and a decrease in cell surface microvilli (see inset of Fig. 6 A vs. that of B) . Nuclear changes were also seen in the cells of the S-shaped body glomeruli. No appreciable differences were observed in the Golgi complex, intercellular junctions, and intracellular organelles (Fig. 7, A vs. B) . However, the visceral epithelial cell foot processes, flanking either side of the glomerular basement 1208 Liu et al.
capsule. * P < 0.05 compared to the control, n = 25. Figure 3 . Indirect immunofluorescence micrographs of 7-d (A) control and (B) mannose-exposed embryonic kidneys stained with anti-HS-PG. In the mannose group, a decrease in the intensity of fluorescence is seen in the extracellular matrices lining the ureteric bud branches (UB) and precapillary glomeruli (G). x250. membrane (GBM), were either effaced or poorly developed (see inset of Fig. 7 A vs. that of B) . The ECMs were greatly diminished and the glomerular basement membranes were relatively thinner. The parietal epithelial cells ofthe glomeruli were reduced in number and had an increased nuclear/cytoplasmic ratio.
In kidneys exposed to mannose, autoradiographic studies revealed a decrease ofgrain densities in both cellular and ECM compartments, especially in the latter (Table III) . In the Sshaped body stage at day 1, minimal change in the grain density (concentration of radiation) was observed over the intracellular compartment. Normally, at this stage, most of radioactivity is associated with developing ECMs in the cleft region as we reported previously ( 19) . Mannose induced a significant decrease in the grain density in the extracellular compartment including the cleft region of the S-shaped body and was pronounced on day 4. On day 7 in the precapillary stage, there was a significant drop in the grain density in the intracellular compartment and especially the extracellular compartment, including the GBM (Table III, insets of Fig. 7, A and B) . In addition, there appeared to be a slight decrease in the autoradiographic grains associated with Golgi complexes. The concentration of autoradiographic grains over the Bowman's capsular basement membranes and surrounding mesenchyme was comparable to controls (Fig. 6, A vs. B) .
Biochemical studies. To explore the mechanism(s) for mannose-induced alterations in metanephric development, we investigated the biosynthetic status of various ECM glycoproteins, especially PGs, which are known to modulate organ morphogenesis.
With 98.4% efficiency of extraction, r-mannose induced a dose-dependent decrease in the total incorporated [35S ] sulfate radioactivity (Fig. 8) , and the reduced incorporation was seen on days 1, 4, and 7 both in kidney and media (Fig. 9) fractions. Maximal decrease in the incorporation occurred on day 4 in the kidney fraction, and on day 7 in the media fraction. About 95% of the extracted [35S]sulfate-associated radioactivity was confined to the PG fraction.
PGs in metanephric kidney were characterized by Sepharose CL-4B chromatography. As shown in Fig. 10 A, on day 1 Fig. 10 B, on days 4 and 7, in control groups, the relative proportions ofincorporated radioactivities in peaks B and C increased. In the mannose group, the tissue PGs also eluted as three peaks with a decrease in the incorporated radioactivity associated with peak A. The Ka, of all the three peaks shifted to somewhat higher values (Fig. 10 B) , indicating the synthesis ofrelatively smaller PGs after the prolonged exposure to mannose. Also, the proportion ofde novo synthesized chondroitin/dermatan sulfate increased significantly with increasing exposure to mannose. By day 7, the de novo synthesized PGs contained equal proportions of heparan and chondroitin/ dermatan sulfate.
The characterization of tissue GAGs by Sepharose CL-4B or CL-6B chromatographies also revealed a relative increase in the proportion of CS; while the chain size remained the same. As shown in Fig. 1 A, on day 1 , the media PGs of controls and mannose groups characterized by Sepharose CL-4B chromatography, revealed two similar peaks, i.e., a predominant peak A with Ka. = 0.07 and a smaller peak B with Kav = 0.55.
However, a moderate increase in the chondroitinase-ABC sensitive PGs was observed in both the peaks in the mannose-exposed kidneys (figure not included). On day 7, in the control group, two peaks, i.e., a relatively smaller peak A with Kav =0.18 and a major peak B with Kav =0.55 were observed (Fig.   11 B) . A slight increase in the CS was observed in both the peaks when compared to day 1. In the experimental group at day 7, the elution peaks shifted to higher Kav values, i.e., peak A = 0.31 and peak B = 0.60 (Fig. 11 B) . Both the peaks had relatively higher proportions of chondroitinase-ABC sensitive PGs as compared to control on day 7.
Further characteristics of tissue and media PGs/GAGs were carried out by DEAE-Sephacel chromatography. On day 1 or day 7 there were no differences between the control and experimental groups in the elution profiles of tissue fractions. On day 1, the media PGs/GAGs of control and mannose groups had similar elution patterns ( Fig. 12 A) ; however, at day 7, the media PGs/GAGs ofthe mannose group vs. control eluted at a relatively lower salt concentration (0.40-0.55 vs. 0.35-0.50 M, Fig. 12 B) , indicating a reduced sulfation of GAG chains.
Attempts were made to characterize tissue and media PGs by SDS-PAGE electrophoresis. On a 5% slab gel, a diffuse smear of radioactivity extending from the point of application to near the bottom ofthe gel (Mr -3 X 104) was seen. Thus, by this method the three peaks (peaks A, B, and C) observed by Sepharose CL-4B chromatography (Fig. 10) (Fig. 13) . However, immunoprecipitation with anti-laminin, anti-type IV collagen and antipodocalyxin showed only mild decreases in the radioactivities Proteoglycans and ATP in Mannose-induced Dysmorphogenesis ofMetanephric Kidney 1211 Bc4-associated with the respective glycoproteins (Fig. 13) (Fig. 14, lanes A and C) . Also, a S dramatic decrease in the radioactivity associated with these ¶ bands was observed in the mannose group (Fig. 14, (Fig. 17) . However, reactive blue-2 iki'4S@.A;.^|.'tSX \' ' ' 'z@ \ -' ' @ '-'?? ' 1 (P27 receptor antagonist) caused maximal -30% reduction in M.ge . t:. -^-the de novo synthesis of sulfated PGs at equimolar concentration of ATP, i.e., 100 uM (Fig. 17 ). This suggests a partial :Nu g<. branches-the region where cell-cell interactions and induction of nephron development occurs (38) . A reflection ofthese defective interactions was the reduction of autoradiographic grains (concentration of radioactivity) over the advancing tips of the ureteric bud branches (Fig. 5) . The autoradiographic density was also reduced over glomerular compartments in both the S-shaped body and precapillary stages throughout the culture period. However, the autoradiographic density was dramatically reduced on day 4 in the extracellular matrix compartment, especially in the S-shaped body glomeruli (Table  III) lobulogenesis (16) . Abolition of the differential expression leads to a failure in lobulogenesis. In an analogous manner, interference in the biosynthesis of the PGs in the cleft region could account for poor glomerular development (20, 21 ) . The reduced radioactivity indicative of impaired biosynthesis of PGs in the extracellular compartment, on both days 1 and 4 of mannose exposure, apparently delayed maturation of glomeruli from the S-shaped body to the precapillary stage. This maturational arrest was further reflected by [3H]thymidine incorporation on day 4 when minimal DNA-replicative activity was observed in the superficial cortex of controls, in that most glomeruli had already matured from an S-shaped body into the precapillary stage. However, with mannose exposure, a high level of [3H]thymidine incorporation in the outer superficial cortex (Fig. 2) was associated with the persistence ofglomeruli in the S-shaped body stage (Table II) . Thus, the decrease in the nephron population was probably due to (a) an initial failure of glomerulogenesis at the advancing tips of the ureteric bud branches and (b) the arrested maturation of glomeruli later at the S-shaped body stage. Tissue autoradiographic and biochem- ical studies indicate that both the processes were accompanied by significant changes in the metabolism of PGs.
Mannose induced in metanephric explants a generalized decrease in the de novo synthesis ofPGs and alterations in their biochemical characteristics. The PGs synthesized on day 7 were of slightly smaller size (increased Ka. value), which may be due to a reduction or delay in the transfer of sugar chains onto the PG core peptide in that GAG chains were of similar size in both the control and experimental groups. Xyloside is the only agent that has been shown to interfere with the addition of the glycosaminoglycan chains to the serine residues of PG core protein (39) ; whether mannose specifically has a similar effect remains to be determined. In mannose-exposed metanephric explants, after [ ( Fig. 13 ) . This indicates that hyperglycemic levels ofmannose selectively perturbs the biosynthesis of core peptides of PGs. The mechanism for this selective effect is unknown but may be related to the relatively fast turnover of PGs as compared with other matrix proteins. Hyperosmotic levels of mannose did not affect the integral biosynthetic functions of the glomerular cells because the de novo synthesis of other proteins was not significantly altered. Moreover, hyperosmotic mannitol at concentrations similar to mannose had no adverse affect on the biosynthesis of PGs.
Several findings suggest that mannose retarded cell differentiation in metanephric explants: in glomerular cells the nuclear/cytoplasmic ratio was increased and nuclei were prominently enlarged, common features in dedifferentiated cells (44) ; and the structural maturation ofepithelial foot processes was significantly arrested and they had a dramatic reduction in reactivity with Helix pomatia lectin, which is specific for DGalNAc residues at the base of the epithelial foot processes (Figs. 4 D and 7) (45, 46) . Thus, the effect ofelevated levels of mannose on cell differentiation and on the synthesis of PGs which modulate organogenesis suggests that hyperglycemia impaired organogenesis.
Mechanisms by which the mannose perturbs the biosynthesis of PGs and expression of epithelial foot process-specific gly- coproteins are unknown. Mannose may impair DNA-replication inasmuch as the de novo pyrimidine synthesis is inhibited in diabetic states (9) . This is unlikely in our model in that mannose did not significantly alter total [3H ] thymidine incorporation. A second possibility is that the conversion of mannose into mannose 6-phosphate may inhibit the transport of PGs from the intracellular to the extracellular compartment. With mannose exposure, labeling of sulfated glycoproteins was decreased only in the extracellular compartment of metanephric kidney suggesting a defect in cellular transport of the de novo synthesized PGs to the extracellular compartment. In human fibroblasts, mannose 6-phosphate blocks the transport of pericellular PGs into the extracellular compartment, perhaps via receptor-mediated mechanisms (47) . Our experiments with mannose 6-phosphate yielded results similar to those for mannose and thus support, in part, a defect in the cellular transport of PGs. Thirdly, mannose may affect morphogenesis by competing with mannose 6-phosphate for its receptor. A number of biologically active peptides, including proliferin (48) and transforming growth factor ((49) contain mannose-6-phosphate, and their interactions with the mannose 6-phosphate receptor may be necessary to maintain growth and differentiation. However, our experiments indicate that the concomi- 
